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Abstract
Cumulative daily load time series show that the early 2000s 
marked a step-change increase in riverine soluble reactive 
phosphorus (SRP) loads entering the Western Lake Erie Basin 
from three major tributaries: the Maumee, Sandusky, and Raisin 
Rivers. These elevated SRP loads have been sustained over the 
last 12 yr. Empirical regression models were used to estimate 
the contributions from (i) increased runoff from changing 
weather and precipitation patterns and (ii) increased SRP 
delivery (the combined effects of increased source availability 
and/or increased transport efficiency of labile phosphorus [P] 
fractions). Approximately 65% of the SRP load increase after 
2002 was attributable to increased SRP delivery, with higher 
runoff volumes accounting for the remaining 35%. Increased 
SRP delivery occurred concomitantly with declining watershed 
P budgets. However, within these watersheds, there have been 
long-term, largescale changes in land management: reduced 
tillage to minimize erosion and particulate P loss, and increased 
tile drainage to improve field operations and profitability. These 
practices can inadvertently increase labile P fractions at the soil 
surface and transmission of soluble P via subsurface drainage. Our 
findings suggest that changes in agricultural practices, including 
some conservation practices designed to reduce erosion and 
particulate P transport, may have had unintended, cumulative, 
and converging impacts contributing to the increased SRP loads, 
reaching a critical threshold around 2002.
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There is growing evidence that Lake Erie, the shallowest, most southern, and most productive of the Laurentian Great Lakes, has entered a marked phase of re-eutro-
phication after dramatic improvements in water quality during 
the 1980s and 1990s (Michalak et al., 2013; Conroy et al., 2014; 
Johnson et al., 2014; Kane et al., 2014). The increasing magnitude 
and frequency of harmful and nuisance algal blooms, which are 
particularly problematic in the shallow Western Lake Erie Basin 
(WLEB), have been directly linked with increasing riverine inputs 
of soluble reactive phosphorus (SRP; the most readily-bioavailable 
P fraction) in major river tributaries, including the Maumee and 
Sandusky Rivers (Michalak et al., 2013; Baker et al., 2014a, 2014b; 
Kane et al., 2014; Scavia et al., 2014). In August 2014, a toxic algal 
bloom in the WLEB cut off drinking water supplies to 400,000 
people (Smith et al., 2015c). In 2014, the Lake Erie Ecosystem 
Priority was established in response to growing challenges relating 
to phosphorus (P) enrichment, compounded by climate change, 
and aquatic invasive species (IJC, 2014); in February 2016, the 
governments of Canada and the United States announced new P 
targets to improve Lake Erie water quality, including a 40% reduc-
tion in spring total P (TP) and SRP loads (USEPA, 2016).
Several recent studies have evaluated patterns and trends in 
flow-weighted mean SRP concentrations in the Maumee and 
Sandusky Rivers (Daloglu et al., 2012; Sharpley et al., 2012; 
Baker et al., 2014a; Stow et al., 2015). These studies identified 
the mid-1990s as a critical time, when flow-weighted mean SRP 
concentrations reached a minimum and then started to increase. 
Rising riverine SRP inputs have been attributed to a range of 
factors, including soil stratification and the buildup of labile P 
fractions at the soil surface, linked to conversion of land to no-
till cropping systems, surface broadcasting of fertilizer without 
incorporation in fall and winter, and changing climate patterns 
and seasonality (e.g., with increased temperatures in late winter 
and early spring, there is potential for runoff to occur earlier 
when soils are still frozen) (Smith et al., 2015c; Stow et al., 
2015). However, owing to the confounding influences of large 
weather-induced variations in nonpoint-source P loads, these 
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core ideas
•	 A step-change increase in river SRP loads to Lake Erie occurred 
in the early 2000s.
•	 ~35% of the increased SRP loads was attributed to higher run-
off volumes.
•	 ~65% was from increased SRP delivery (source availability and 
transport efficiency).
•	 Watershed P stores declined, but conservation tillage and tile 
drainage increased.
•	 Well-intentioned conservation measures may have contributed 
to increased SRP loads.
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studies have, to date, been unable to distinguish the effects of 
changes in the magnitude and availability of SRP sources from 
increases in runoff resulting from changing rainfall patterns.
Here, we address this gap in understanding of the role of chang-
ing runoff volumes through (i) analysis of high-resolution (daily) 
cumulative load time series to identify the timing of major changes in 
SRP loads into the WLEB relative to water fluxes and (ii) empirical 
regression models to account for the effects of changing river flows 
on increasing SRP loads. By accounting for the effects of changing 
runoff volumes on river SRP loads, it was possible to apportion and 
quantify patterns in increased SRP delivery across the three water-
sheds. Here, “increased SRP delivery” is defined as the combined 
effects of increased watershed SRP source availability and increased 
efficiency of SRP transport to the river, which is linked to structural 
changes in flow pathways that are in addition to the effects of chang-
ing runoff volume per se. The drivers of increased delivery of SRP 
were then explored in relation to patterns in P source availability 
(including agricultural P inputs, cropped land, watershed P budgets, 
and tillage practices) and hydrological pathways and connectivity.
Materials and Methods
Long-term water quality time series data were analyzed for 
three major agricultural watersheds draining into the WLEB: the 
Maumee (16,338 km2), Sandusky (3240 km2), and Raisin Rivers 
(2700 km2) (Supplemental Fig. S1). A summary of the watershed 
characteristics are provided in Table 1. Agriculture accounts for 
78% of the Sandusky watershed, 73% of the Maumee watershed, 
and 50% of the Raisin watershed, with corn (Zea mays L.) and 
soybeans [Glycine max (L.) Merr.] being the dominant crops. 
Urban land accounts for 11% of the watershed area in the Raisin 
and Maumee and 8% in the Sandusky.
Measurement of River P and Suspended Sediment Loads
Regular daily sampling of the Sandusky and Maumee Rivers 
began in 1974 and in 1982 for the Raisin River. Water qual-
ity samples were collected in close proximity to USGS stream 
gauging stations at the watershed outlets (Supplemental Fig. 
S1). Automatic water samples collected three to four river water 
samples per day, which were analyzed for a range of determi-
nands, including SRP, TP, and suspended sediment (SS) concen-
trations (see Supplemental Methods). Here, particulate P (PP) 
is calculated as the difference between TP and SRP concentra-
tions. Daily flow data were obtained from the National Water 
Information System of the USGS. Daily loads were derived by 
multiplying the flow-weighted mean concentration for each day 
by the average discharge for that day (Baker et al., 2014a).
Analysis of High-Resolution (Daily) Cumulative  
Load Time Series
Cumulative daily loads were calculated from the daily river 
SRP, PP, and SS load datasets, normalized to watershed area, and 
plotted as time series (Fig. 1, Supplemental Fig. S2). Two major 
changes in cumulative SRP load gradients were observed across 
table 1. Summary of the watershed characteristics for the Sandusky, raisin, and Maumee rivers. Watershed land use data were derived from the 
2006 National land cover database (http://www.mrlc.gov/nlcd2006.php). Watershed soil drainage characteristics and estimates of agricultural land 
underlain by tile drains were derived from the SSurGO database (http://websoilsurvey.nrcs.usda.gov/). the estimates of percentage agricultural 
land in high-residue management (no tillage and strip tillage) were derived from residue management surveys from the National resource inventory 
(Nri). the r–B flashiness index is the richards–Baker flashiness index (Baker et al., 2004). for further information on how land use and soil drainage 
characteristics, residue management, and the r–B index were calculated, see the Supplemental Methods.
characteristic Sandusky raisin Maumee
Watershed area (km2) 3,240 2,700 16,338
Agriculture (%) 78 50 73
Agricultural land in corn (%) 35 34 35
Agricultural land in soybeans (%) 52 38 51
Agricultural land in wheat (%) 8 9 8
Forest (%) 9 11 6
Grassland (%) 4 19 6
Urban (%) 8 11 11
Wetland (%) 0.3 8 2
Total (and rural) population density in 2010 (people km−2) 68 (27) 86 (31) 68 (22)
Estimate of agricultural soils classed as well drained (%) 17 35 18
Estimate of agricultural land underlain by tile drains (%) 92 62 86
Estimate of agricultural land in high-residue management practices 
(includes conservation tillage) based on 2012 NRI survey (%)
64 58 71
Mean R–B flashiness index (1984 to 2014) 0.375 0.160 0.272
fig. 1. An example cumulative load time series for soluble reactive 
phosphorus (SrP) in the Sandusky river (1974 to 2014). the blue 
broken lines denote major changes in gradient of SrP load accumu-
lation. Please see Supplemental fig. S2 and table 2 for comparison 
of gradients in the cumulative load time series for the Sandusky, 
Maumee, and raisin rivers for SrP, particulate P and suspended sedi-
ment loads, and water flux.
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all three watersheds: first, a decrease in gradient around the mid-
1980s, and second, a marked increase in gradient starting in the 
early 2000s. To establish common “reference points” for compar-
ing changing cumulative load gradients across all three watersheds, 
sensitivity analyses were undertaken (Supplemental Tables S1a 
and S1b). First, a sensitivity analysis was undertaken to quantify 
the effects on cumulative SRP load gradients of varying the refer-
ence point from 2000 to 2004 (Supplemental Table S1a). From 
this, 2002 was chosen as the common reference point. A second 
reference point of 1984 was derived using sensitivity analysis for 
the earlier reductions in SRP loads (Supplemental Table S1b).
Cumulative load gradients of SRP, PP, and SS and percentage 
changes in these cumulative load gradients were then calculated 
for three periods: (i) up to 1984 (which corresponds with the 
period from 1974 to 1984 for the Sandusky and Maumee and 
1982 to 1984 for the Raisin), (ii) 1985 to 2002, and (iii) 2003 
to 2014 (Table 2). The cumulative load gradients also provide 
a measure of the mean annual SRP, PP, and SS loads (in kg P 
ha−1 yr−1 and kg SS ha−1 yr−1). As changing river flows provide a 
major control on P and suspended-sediment loads, the changes 
in cumulative load gradients were compared with corresponding 
changes in cumulative river flow (water flux) gradients.
Estimating Changes in SRP Delivery
Empirical models based on regression relationships between 
SRP concentration and flow were used to apportion and separate 
the effects of increased runoff from increased SRP delivery arising 
from greater SRP source availability and/or transport efficiency. 
For each river, linear regression models were derived for the SRP 
concentration–flow relationships for data collected between (i) 
1985 and 2002 and (ii) 2003 and 2014 (Supplemental Table 
S2): y = mx + c, where y is the SRP concentration in mg L−1, x 
is the flow in Mm3 d−1; m is the slope, and c is the intercept. The 
predicted SRP concentrations from the linear regression models 
were then multiplied by the corresponding daily river flow to 
produce modeled daily SRP loads, which were then aggregated 
to modeled (predicted) annual SRP loads and compared with 
the observed (measured) annual SRP loads (Supplemental Table 
S3). To account for the effects of increased runoff on increased 
SRP loads after 2002, the 1985 to 2002 empirical models were 
then applied to the 2003 to 2014 flow datasets for each river. The 
difference between the measured mean annual SRP loads for 
2003 to 2014 and the predicted mean annual SRP loads for 2003 
to 2014 (using the 1985 to 2002 regression model) provides an 
estimate of the increase in mean annual river SRP loads, which 
could be attributed to increased SRP delivery after 2002.
Watershed P Balances
Cropland and watershed-level P input and P balance data were 
obtained from the NuGIS database (IPNI, 2012) (Supplemental 
Tables S4 and S5). Phosphorus inputs and outputs for the three 
WLEB watersheds were aggregated at the watershed scale 
(Supplemental Table S5) and compared with river TP and SRP 
loads. Annual partial watershed P balances were calculated as the 
difference between P inputs (from fertilizer and manure) and P 
losses (from crop harvest and river export). The human P load-
ing (from wastewater treatment plants and septic tanks) to these 
watersheds is estimated to contribute <5% of the agricultural P 
inputs (Supplemental Table S5), and the rural population in all 
three watersheds declined between 1980 and 2010 (Supplemental 
Fig. S3a). Nonpoint P export from nonagricultural areas and 
geological and sedimentary weathering sources are also assumed 
to contribute a small background but relatively constant percent-
age contribution to total inputs in these watersheds (Baker and 
Richards, 2002). Neither of these minor sources would explain 
the observed trend in riverine SRP and so are not analyzed further 
here. The estimated watershed P balance is, therefore, a watershed 
partial P balance; however, its use here is to compare the agricul-
tural component of the P balance with the riverine P exports.
Tillage Practices
Assessment of watershed-wide historical trends in tillage prac-
tice across the wider WLEB have, in the past, been hampered by 
lack of regular tillage transect data and fragmented datasets, which 
are only available for a subset of counties. Here, we use newly avail-
able datasets of relative residue management from 1982 to 2012, 
which have been developed by the USDA–NRCS as a surrogate 
for tillage practice data at the watershed scale (USDA–NRCS, 
2015) (Supplemental Table S6). Relative residue management is 
based on the National Resource Inventory (NRI) estimates for the 
cover and management factor (C) used to calculate the Universal 
Soil Loss Equation (USLE; USDA–NRCS, 2013, 2015). Residue 
table 2. Gradients for the cumulative load time series of soluble reactive phosphorus (SrP), particulate P (PP), suspended sediment (SS), and 
river flow. the cumulative load gradients were calculated from y = mx + c, where y is the cumulative daily load in kg P ha−1, x is decimal year, m 
is the cumulative load gradient (in kg P ha−1 yr−1), and c is the intercept. cumulative load gradients were calculated for three time periods, which 
correspond with the two major shifts in SrP load gradients in 1984 and 2002 (see fig. 1, Supplemental fig. S2, and text). Values in parentheses 
denote the percentage change in cumulative load gradients relative to the immediately preceding time period.
location years SrP PP SS flow
————————————— kg ha−1 yr−1 ————————————— ML ha−1 yr−1
Sandusky 1974 to 1984 0.298 1.39 944 3.48
1985 to 2002 0.129 (−57%) 1.17 (−16%) 666 (−29%) 3.08 (−12%)
2003 to 2014 0.456 (+253%) 1.53 (+30%) 829 (+25%) 4.52 (+47%)
Raisin 1982 to 1984 0.132 0.56 220 3.04
1985 to 2002 0.066 (−50%) 0.39 (−31%) 184 (−16%) 2.69 (−11%)
2003 to 2014 0.128 (+94%) 0.39 (0%) 169 (−8%) 3.17 (+18%)
Maumee 1974 to 1984 0.342 1.47 747 3.18
1985 to 2002 0.168 (−51%) 1.05 (−29%) 624 (−16%) 3.01 (−5%)
2003 to 2014 0.363 (+116%) 1.18 (+12%) 608 (−3%) 3.70 (+23%)
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management is a combination of tillage intensity, the crop rota-
tion, and the residues left by each crop (see Supplemental 
Methods). Briefly, the low-residue management corresponds with 
conventional tillage (physical mixing of the surface soil horizons 
such as, but not limited to, moldboard and chisel plowing), while 
high-residue management includes both no tillage and strip till-
age. The advantages of these datasets include the watershed-wide 
coverage and historical records collected every 5 yr, which span the 
entire period of interest, from the early 1980s. The “high-residue 
management” includes both tillage and residue cover components. 
While we recognize that the high-residue management likely over-
estimates no tillage + strip tillage, it also reflects additional residue 
inputs, as surface residue returned to the soil by the crop is reflected 
by crop yield, which has also increased over this period (as reflected 
by “annual P removed in crop harvest” in Supplemental Table S4).
Watershed Drainage Characteristics
Baseline watershed drainage characteristics were calculated 
using land use and land cover (LU/LC) and soil (SSURGO) data-
sets (see Supplemental Methods). The Raisin has a higher percent-
age of well-drained agricultural soils (35%), compared with 18 and 
17% in the in the Maumee and Sandusky, respectively (Table 1). 
The more freely-drained soils in the Raisin are reflected by the esti-
mated lower extent of tile drainage (62%, compared with 86 and 
92% in the Maumee and Sandusky, respectively). Unfortunately, 
tile drainage is not routinely captured by agricultural surveys. 
Therefore, to explore long-term changes in drainage characteristics 
and flow pathways, we used the Richards–Baker stream flashiness 
index (R–B index) as a potential surrogate for tile drainage (Baker 
et al., 2004; see Supplemental Methods, Supplemental Table S7, 
and Supplemental Fig. S4). Stream flashiness provides a measure 
of the extent of changes in stream flow over a given time period 
relative to total discharge during that period (Baker et al., 2004). 
Increases in R–B index can result from increases in land drainage, 
soil compaction, and rainfall intensity, as well as from an increase 
in the proportion of water being delivered via quick-flow near-
surface or artificial drainage pathways. Our assumption here is 
that the installation of tile drainage would tend to increase R–B 
flashiness by providing preferential quick-flow pathways for rapid 
transmission of water to the river network (Wiskow and van der 
Ploeg, 2003; Sloan et al., 2016). Clearly, this may be a gross simpli-
fication, and the actual hydrological response will be dependent on 
a multitude of interacting and site-specific factors, including local 
baseline soil drainage conditions, antecedent moisture conditions, 
and differences in crop type and soil carbon content (Robinson 
and Rycroft, 1999; King et al., 2014).
Results
Cumulative Daily P, Suspended Sediment Load,  
and Water Flux Time Series
The daily cumulative SRP load time series in all three rivers 
revealed consistent shifts: first, a decrease in cumulative SRP load 
gradient in the mid-1980s, and second, a marked increase in gra-
dient starting in the early 2000s (Fig. 1, Supplemental Fig. S2).
The increase in SRP loads in the early 2000s is of key interest 
here, linked to the re-eutrophication of Lake Erie. Given the con-
trasts between the Sandusky, Raisin, and Maumee watersheds in size, 
hydrology, soils, and land use, the timing of this shift to increased 
SRP loads was remarkably synchronous across all three watersheds. 
To allow direct comparison of changes in cumulative load gradi-
ents across all three watersheds, common reference points of 1984 
and 2002 were selected from sensitivity analyses (see Materials and 
Methods and Supplemental Tables S1a and S1b).
Comparing cumulative SRP load gradients between 1985 and 
2002 with the earlier period (up to 1984), there were decreases of 
57, 51, and 50% in the Sandusky, Maumee and Raisin basins, respec-
tively (Table 2). The corresponding reductions in cumulative water 
flux gradient were only 12, 5, and 11%, indicating marked reduc-
tions in SRP delivery relative to the reductions in runoff volumes. 
This likely reflects improvements in wastewater treatment aris-
ing from the Clean Water Act of 1972 and the Great Lakes Water 
Quality Agreement signed in 1972, with updates in 1978 and 1983; 
the latter update focused on agricultural nonpoint-source controls 
and led to the eventual increases in conservation tillage (Baker 
and Richards, 2002; Richards et al., 2009). Decreases in cumula-
tive PP and SS load gradients after 1984 (1985 to 2002) were also 
greater than the corresponding decreases in cumulative water flux 
gradients, indicating that reductions in erosion and delivery of par-
ticulates were linked to reductions in nonpoint sources of PP and 
SS. However, these percentage reductions in cumulative PP and 
SS load gradients were consistently smaller than for SRP, suggest-
ing that the combined effects of point and nonpoint remediation 
were more effective in reducing losses of labile P fractions compared 
with particulate fractions. Indeed, there was very little, if any, imple-
mentation of nonpoint controls prior to the 1990s. However, the 
reductions in nonpoint SRP loadings from the mid-1980s to the late 
1990s coincided with a declining trend in fertilizer application rates 
and cropland P balance (Bruulsema et al., 2011).
After 2002, the Sandusky exhibited the greatest increase in 
cumulative SRP load gradient (253%) relative to the increase in 
cumulative water flux gradient (47%); for the Maumee and Raisin, 
cumulative SRP load gradients increased by 116 and 94%, respec-
tively, compared with 23 and 18% for the cumulative water flux 
(Table 2). Therefore, the rise in SRP loads in the three WLEB tribu-
taries after 2002 were greater than what might be attributed simply 
to increasing runoff volumes, indicating increases in SRP delivery. 
After 2002, the changes in cumulative PP and SS load gradients 
were inconsistent. There were small increases in cumulative PP load 
gradients in the Sandusky and Maumee (30 and 12%, respectively) 
but no change for the Raisin, whereas there was a 25% increase in 
cumulative SS load gradient in the Sandusky but decreases of 3 and 
8% for the Maumee and Raisin, respectively. After 2002, even where 
increased cumulative PP or SS load gradients occurred, they were 
less than the corresponding increase in cumulative water flux gradi-
ent. Therefore, although there was an increase in SRP delivery after 
2002, relative to flow, there were continued net reductions in PP and 
SS delivery after 2002, likely reflecting greater adoption of agricul-
tural conservation practices aimed at reducing erosion and sediment 
delivery (USDA–NRCS, 2016). This also suggests that processes 
controlling the increases in SRP loads after 2002 are decoupled from 
those controlling PP and SS loads.
Accounting for the Increases in Flow after 2002  
to Quantify the Increase in Soluble Reactive P Delivery
The statistics for the linear regression models between SRP 
concentration and flow are shown in Supplemental Table S2 
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(all >99% significance). The modeled daily SRP loads for each 
river (derived from multiplying the predicted daily SRP concen-
trations by the corresponding daily river flow) were compared 
with the observed (measured) daily loads (Supplemental Table 
S3) (all >99% significance). Figure 2 shows the measured SRP 
loads for the Sandusky River plotted against flow, with the cor-
responding predicted SRP loads.
Table 3 shows the measured mean annual SRP loads for 
1985 to 2002 (column a) and 2003 to 2014 (column b). After 
2002, mean annual SRP loads increased by 0.062 kg P ha−1 yr−1 
in the Raisin, 0.195 kg P ha−1 yr−1 in the Maumee, and 0.327 kg 
P ha−1 yr−1 in the Sandusky (column c). Applying the 1985 to 
2002 SRP concentration versus flow regression relationships to 
the 2003 to 2014 daily river flow dataset, provides an estimate 
of river SRP loads for 2003 to 2014 arising from changes in 
flow alone (column d). The difference between the measured 
mean annual SRP loads for 2003 to 2014 (column b) and the 
predicted mean annual SRP loads for 2003 to 2014, using the 
1985 to 2002 regression model (column d), provides an estimate 
of the increase in mean annual river SRP loads, which could be 
attributed to increased SRP delivery after 2002 as a result of 
increased source availability and/or efficiency of transmission of 
labile P fractions (column e). The average increases in SRP load, 
which could be attributed to increased SRP delivery after 2002, 
were 0.039 (Raisin), 0.129 (Maumee), and 0.211 kg P ha−1 yr−1 
(Sandusky). Consequently, the balance of the post-2002 SRP 
load increase can be attributed to higher runoff (column f ). The 
increase in SRP delivery after 2002 accounted for 63 to 66% of 
the increase in mean annual SRP loads for 2003 to 2014 in the 
Sandusky, Maumee, and Raisin (column g).
Changes in P Source: P Inputs and Budgets  
for Cropland and at the Watershed Scale
Annual P applications to cropland (manure and inorganic fer-
tilizer), P removed by crop harvest, and a partial cropland P balance 
(cropland P inputs minus P in harvested crops) are summarized 
in Supplemental Table S4, comparing two time periods: (i) 1987 
to 2002 and (ii) 2007 to 2012. Over this time scale, there were 
only small increases in mean annual P applied to cropland in the 
Sandusky and Maumee watersheds (4 and 6%, respectively), and an 
11% reduction in mean annual P applied to cropland in the Raisin 
watershed. During this time, there was also little change (<10%) 
in the mean percentage cropland area, and >78% of P applica-
tions were as inorganic fertilizer, with little change in the P applied 
from manure linked to livestock farming (Supplemental Fig. S3b). 
There were also no largescale increases in acres of the main crop 
types [corn, soybeans, and wheat (Triticum aestivum L.)] during 
this time (Supplemental Fig. S3a). However, the average annual P 
removed in harvested crops increased by 25% in the Sandusky and 
18% in the Raisin and Maumee watersheds. This compensated for 
the small increases in P applications in the Maumee and Sandusky 
watersheds and resulted in overall declines in the cropland partial 
P balance in all three watersheds (Supplemental Table S4). Similar 
increases in crop harvest P removal, relative to fertilizer and manure 
applications, were reported across the wider Great Lakes region 
(Bruulsema et al., 2011; Han et al., 2012). In all three watersheds, 
the average annual cropland partial P balance declined: from 3.13 
to 0.23 kg P ha−1 yr−1 in the Sandusky, from 0.97 to −1.38 kg P ha−1 
yr−1 in the Maumee, and from −0.61 to −4.74 kg P ha−1 yr−1 in the 
Raisin (Supplemental Table S4). Therefore, even before taking into 
account P losses in runoff, the croplands in the WLEB watersheds 
have shifted from net P accumulation to either net P drawdown 
(Maumee and Raisin) or toward a P balance (Sandusky). These 
changes in cropland P balance are also consistent with recent stud-
ies on long-term P accumulation and drawdown in the Maumee 
watershed (Haygarth et al., 2014; Powers et al., 2016).
Corresponding changes in watershed partial mass balances 
are shown in Supplemental Table S5, which takes into account 
riverine total P losses at the watershed scale. Figure 3a shows 
the cumulative watershed partial P balance time series for the 
fig. 2. Soluble reactive phosphorus (SrP) daily loads plotted against 
flow for the Sandusky river, showing modeled SrP loads for 1985 to 
2002 and for 2003 to 2014.
table 3. comparison of measured and modeled mean annual soluble reactive phosphorus (SrP) loads. the 1985 to 2002 river SrP concentration 
versus flow regression models were applied to the daily flow data, from 2003 to 2014. the difference between the measured and modeled SrP loads 
provides an estimate of the increase in SrP delivery after 2002 (see text for details).
location
(a) Measured mean 
annual SrP load 
(1985 to 2002)
(b) Measured 
mean annual 
 SrP load  
(2003 to 2014)
(c) Measured 
increase in mean 
annual SrP load 
after 2002 (b − a)
(d) Modeled mean 
annual SrP load 
(2003 to 2014), 
using the 1985 to 
2002 regression 
model
(e) increase in SrP 
load attributed 
to increased SrP 
delivery (b − d)
(f) increase in SrP 
load attributed 
to higher runoff 
(c − e)
(g) increase in SrP 
delivery, expressed 
as a percentage 
of the increase in 
mean annual SrP 
load after 2002  
(100 ´ e/c)
———————————————————————— kg P ha−1 yr−1 ———————————————————————— %
Sandusky 0.129 0.456 0.327 0.245 0.211 0.116 65
Raisin 0.066 0.128 0.062 0.089 0.039 0.023 63
Maumee 0.168 0.363 0.195 0.234 0.129 0.066 66
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Sandusky, Raisin, and Maumee Rivers. The Maumee and Raisin 
showed a net reduction in watershed partial P balance since 1987. 
In the Sandusky, there was an increase in watershed partial P bal-
ance between 1987 and 1997 but a net reduction after 1997. Since 
1997, the net P 15-yr drawdowns were −17, −36, and −39 kg P 
ha−1 in the Sandusky, Maumee, and Raisin watersheds, respec-
tively (Fig. 3a). This indicates that the overall size of watershed 
P stores steadily declined since 1997. The observed increases in 
river SRP delivery after 2002 therefore occurred despite these con-
comitant reductions in watershed P budgets, suggesting changes 
in watershed function, which may have (i) selectively increased 
the availability of labile P fractions to be mobilized in runoff rela-
tive to PP fractions and/or (ii) increased the hydrological con-
nectivity and the selective transport of the labile P fractions to 
the river. This selective increase in the availability and transport 
of the labile P fractions, relative to PP fractions, is also confirmed 
by increases in mean river SRP loads, expressed as a percentage of 
river TP load between 1987 to 2002 and 2007 to 2012: from 13 
to 21% (Sandusky), from 14 to 24% (Raisin), and from 16 to 23% 
(Maumee). Mean river SRP loads, expressed as a percentage of the 
P applied to land, also increased over the same time period, from 
1.1 to 3.5% (Sandusky), from 1 to 1.9% (Raisin), and from 1.6 to 
2.9% (Maumee) (Supplemental Table S5).
Changes in Land Management  
and Drainage Characteristics
Two major factors have been identified among a range of pos-
sible contributors to rising SRP loads in the WLEB tributaries 
(Smith et al., 2015a, 2015b, 2015c): (i) the potential for buildup 
of labile P fractions at the soil surface as a result of conversion of 
land to no-till and minimum-till cropping systems that promote 
soil stratification, in conjunction with surface broadcasting of fer-
tilizer without incorporation, and (ii) the installation of tile drains, 
which increase the efficiency of runoff conveyance. Here, we assess 
long-term changes in watershed-wide tillage practices and tribu-
tary drainage characteristics using available datasets covering the 
period since the early 1980s. These are presented as a backdrop to 
observed changes in SRP loads in WLEB tributaries.
Tillage Practices
Across the WLEB watersheds, adoption of the high-residue 
management level began in the 1980s, and the percentage of 
cropland under high-residue management rose steadily during 
the 1990s and early 2000s, reaching a peak in 2007 of 80% in the 
Maumee and 70% in the Sandusky and in 2012 of 58% in the 
Raisin (Fig. 3b). The greatest percentage increases in high-residue 
management occurred between 2002 and 2007, which likely 
reflect a combination of agricultural policy, higher energy prices 
(which tend to reduce tillage), and shifts in crop cultivars (the use 
of herbicide-resistant crops and/or varieties that produce more 
crop residue). By 2012, 71, 64, and 58% of cropland land was esti-
mated to be high-residue management in the Maumee, Sandusky, 
and Raisin watersheds, respectively (Supplemental Table S6).
Although no-till has been widely reported as a major driver of 
reduced sediment and TP loads to Lake Erie in the late 1980s and 
1990s (Richards et al., 2009), no-till also promotes stratification 
of soil P (Eckert and Johnson, 1985; Duiker and Beegle, 2006; 
Bullerjahn et al., 2016). Especially where applied P is broadcast 
for years without incorporation, this can lead to accumulation 
of highly soluble P fractions at the soil surface (Kleinman et 
al., 2003; Kleinman and Sharpley, 2003). Stratification of soil 
available P occurs in no-till, even when fertilizer is band placed 
(Duiker and Beegle, 2006; Smith et al., 2016b). No-till also pro-
motes the development of macropores serving as preferential 
flow pathways for increasing SRP loadings via subsurface drain-
age (Smith et al., 2015b, 2015c).
Drainage Characteristics
While there are reports and anecdotal evidence of increasing 
extent of tile drainage across the WLEB (Ohio Phosphorus Task 
Force, 2013; Smith et al., 2015b, 2015c), there is a paucity of 
data on the changing extent of tile drainage. Here, we use trends 
in stream flashiness as a potential surrogate for changing extent 
of tile drainage (see Supplemental Methods). The long-term 
trends in annual R–B flashiness index for the WLEB tributaries 
(Supplemental Fig. S4, Supplemental Table S7) show increases in 
hydrological flashiness in the Maumee and Sandusky watersheds 
since the early 1980s. Over the last 30 yr, the greatest increases 
in R–B flashiness occurred in the Maumee watershed (~13%), 
fig. 3. time series showing (a) cumulative watershed partial phos-
phorus (P) balance for the Sandusky, raisin, and Maumee watersheds 
(data sources: iPNi and Heidelberg university) and (b) percentage of 
cropland under high-residue management, which corresponds with 
some degree of conservation tillage within the rotation (data source: 
uSDA–NrcS). Please see Supplemental Methods and Supplemental 
tables S5 and S6 for details.
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with a smaller increase in the Sandusky watershed (~6%). These 
long-term trends are superimposed on large spatial differences 
in baseline flashiness within these watersheds, reflecting soil 
drainage conditions (Table 1). The Raisin watershed had the 
lowest mean flashiness index (0.160), which is also consistent 
with well-drained soils: 35% of the soils in the Raisin watershed 
were classed as “well drained.” In contrast, only 17% of the soils 
in the Sandusky and 18% of the soils in the Maumee watershed 
are classed as well drained, with the average R–B index of 0.375 
and 0.272, respectively. Roughly 60% of agricultural land was 
classed as suitable for tile drainage in the more freely drained 
soils of the Raisin watershed. This rises to approximately 90% of 
agricultural land being suitable for tile drainage in the Sandusky 
and Maumee watersheds. While there were short-term features 
and interannual variability in the R–B index time series (includ-
ing a short-term recent flattening, or decline, in the R–B index), 
the long-term increase in R–B flashiness in the Maumee and 
Sandusky watersheds is consistent with anecdotal evidence of 
increasing tile drainage in these watersheds over the last 30 yr 
(Ohio Phosphorus Task Force, 2013). Recent studies have also 
shown that tile drains convey a large proportion of SRP from 
agricultural fields to streams (King et al., 2014, 2015; Smith et 
al., 2015b; Williams et al., 2015). In the three WLEB water-
sheds, the preferential SRP load increases relative to PP and SS 
loads are also consistent with increased subsurface drainage.
Discussion
There was a step-change increase in riverine SRP loads to the 
WLEB in the early 2000s that has been sustained over the last 
decade. The rise in SRP loads after 2002 was proportionally greater 
than increases in water flux, indicating that increased runoff is 
insufficient to account for the observed increase in SRP loads over 
this period. Moreover, there were no corresponding net increases 
in PP and SS loads, suggesting that the processes controlling rising 
SRP loads after 2002 are decoupled from the processes driving PP 
and SS loads. Since 1997, there were net reductions in the crop-
land and watershed P balance across all three watersheds.
Empirical regression models suggest that, on average, ~65% of 
the increase in annual river SRP loads after 2002 could be attributed 
to increased SRP delivery, reflecting a shift in watershed functioning, 
with selective increased SRP availability relative to PP fractions and/
or increased SRP transport efficiency. The magnitude of increases in 
in SRP delivery after 2002 varied spatially, ranging from 0.039 kg 
P ha−1 yr−1 in the Raisin, and 0.129 kg P ha−1 yr−1 in the Maumee, to 
0.211 kg P ha−1 yr−1 in the Sandusky watershed.
The timing of the increase in SRP loads in the early 2000s 
was synchronous across the three watersheds. Earlier work 
(Sharpley et al., 2012; Baker et al., 2014a) indicated that annual 
flow-weighted mean SRP concentrations started to rise in the 
WLEB watersheds during the mid-1990s. These previously pub-
lished trends in mean annual flow-weighted SRP concentrations 
are consistent with SRP loads presented in the current analysis, 
where the shift to higher SRP loads after 2002 reflects the con-
vergence of rising SRP concentrations combined with higher-
than-average flows (Supplemental Fig. S5). Although the annual 
flow-weighted mean SRP concentrations reached a minimum 
in 1994 and started to rise thereafter, the greatest year-to-year 
increase in flow-weighted mean SRP concentrations occurred 
between 2002 and 2003 (Supplemental Fig. S5). There have also 
been recent reports of increased streamwater median TP concen-
trations in pristine (undisturbed) watersheds across the United 
States of +2.5 mg P L−1 yr−1 between 2000 and 2014, (Stoddard et 
al., 2016). However, in the WLEB tributaries, there was no trend 
of increasing TP concentrations over this time (Supplemental 
Fig. S5), which likely reflects the overwhelming influence of 
agricultural land management and conservation practices that 
override any background trends that may occur in pristine water-
sheds. Over time, land management changes within the WLEB 
watersheds have reduced PP delivery but may have unintention-
ally increased SRP delivery. However, the net effect has been no 
significant trend in annual flow-weighted TP concentrations 
over the last 10 to 15 yr.
Table 4 summarizes the magnitude of increases in SRP deliv-
ery after 2002 in the Sandusky, Raisin, and Maumee watersheds 
relative to the extent of reduced tillage, river flashiness, and 
cumulative changes in watershed P budgets. Across all three 
watersheds, there have been long-term, largescale increases in 
the extent of high-residue management (consistent with no-till 
and reduced tillage), with the greatest percentage increases in the 
Maumee. The Sandusky and Maumee also showed evidence of 
long-term increasing hydrological flashiness, which, despite the 
competing effects of no-till in reducing runoff and flashiness, 
may be indicative of increasing extent of tile drainage. The great-
est increases in SRP delivery after 2002 were in the Sandusky, 
followed by the Maumee, and the smallest increases were in the 
Raisin. These increases in SRP delivery correspond with changes 
in cumulative watershed P balance and the baseline average R–B 
flashiness. This suggests that watershed susceptibility to increased 
SRP loss was most closely related to the hydrological connec-
tivity between the land and water (as indicated by the baseline 
hydrological flashiness) and P source availability. The smaller net 
drawdown in the watershed P balance in the Sandusky indicates 
that there may be greater soil P availability remaining.
The increased SRP delivery in all three WLEB watersheds 
after 2002 indicates a widespread increase in the buildup of 
labile P pools in locations where they can be readily mobilized 
and delivered to the drainage network. This is consistent with 
(i) the gradual buildup of legacy labile P fractions at the soil 
surface, resulting from widespread adoption of reduced tillage 
table 4. Summary table showing changes in soluble reactive 
phosphorus (SrP) delivery after 2002, in relation to the increase in 
the extent of reduced tillage, river flashiness, and cumulative changes 
in watershed P budgets, for the Sandusky, Maumee, and raisin 
watersheds. r–B flashiness index is the richards–Baker flashiness 
index (Baker et al, 2004; see Supplemental Methods).
Sandusky Maumee raisin
Increase in river SRP load attributed to 
increased SRP delivery (kg P ha−1 yr−1)
0.211 0.129 0.039
Estimate of net 30-yr increase in the 
percentage of cropland under high-
residue management between 1982 
and 2012 (%)
64 71 58
Mean 30-yr R–B flashiness index 
(1984 to 2014)
0.375 0.272 0.160
Percentage change in R–B flashiness 
index (1984 to 2014) (%)
+6 +13 +0.2
Net change in cumulative 
watershed P balance between1997 
and 2012 (kg P ha−1 yr−1)
−17 −36 −39
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combined with broadcast fertilizer applications, (ii) the devel-
opment of preferential flow pathways (i.e., macropores) facilitat-
ing direct hydrological connectivity between labile P at the soil 
surface and subsurface drainage, and (iii) increasing tile drain-
age extent, providing direct, rapid, and efficient transmission of 
surface runoff via soil drainage to the stream network and also 
increasing the critical source area spatial extent (Sharpley et al., 
2011). Land management changes in the WLEB, while exten-
sive, have been gradual and cumulative. They reflect directional 
shifts to improved conservation practices, with increased levels 
of reduced tillage, along with installation of tile drainage to 
increase the efficiency of runoff conveyance and improve field 
operations and profitability. All of these measures are consistent 
with recommended conservation practices to reduce TP losses.
As indicated in the introduction, a range of other potential 
factors could have contributed to the observed increase in river 
SRP loads to the WLEB in the early 2000s. However, there were 
no major increases in fertilizer or livestock manure P application 
rates during this time, and the rural population actually declined. 
Anecdotal changes include temporary reductions in winter 
broadcasting in the 1980s as farmers reduced total P applica-
tions. Later, as farm size increased and larger planters without 
band-fertilizer placement came online, farmers may have again 
increased the use of broadcast applications. These changes in 
P fertilizer application methods, which are linked somewhat 
to conservation tillage practices, could also have contributed, 
along with soil stratification, to increased availability of labile P 
at the soil surface at times of greatest risk of runoff and P loss. 
Moreover, the use of cover crops, also linked to conservation 
tillage practices, can bioaccumulate P at the soil surface if those 
cover crops are killed and left in the field prior to planting (Miller 
et al., 1994; Dabney et al., 2001). The age of conservation prac-
tices on the landscape may also be significant, as a lack of mainte-
nance can also result in increasing SRP contributions (Osmond 
et al., 2012; Dodd and Sharpley, 2016). With conservation till-
age, there are also fewer opportunities to incorporate broadcast 
fertilizer into the soil. Data on fertilizer placement are scarce, 
but as of 2013, just over 50% of the fertilized cropland area of 
the Lake Erie watershed in Ohio was applied broadcast without 
incorporation within 7 d (LaBarge and Prochaska, 2014). Across 
the western Lake Erie watershed, comparing 2003 through 2006 
with 2012, the percent of cropped acres on which P was incor-
porated at every application increased from 45 to 60% (USDA–
NRCS, 2016), indicating that farmers may already be changing 
practices in response to Lake Erie water quality issues.
The changes in tillage practices, drainage characteristics, and 
watershed or cropland P budgets were not as sudden as the shift 
to increased SRP loads after 2002. The step-change increase in 
SRP delivery likely reflects converging cumulative impacts of 
gradual changes over the decades before 2002, perhaps culminat-
ing in the exceedance of a critical threshold ( Jarvie et al., 2015). 
Rises in SRP loads after 2002 may have also been initiated by 
higher-than-average flow years (2003–2004) immediately after 
relatively low-flow years (1999–2002) (Supplemental Fig. S5). 
Dry antecedent conditions can result in greater P accumulation 
and availability at the soil surface, which is readily mobilized by 
runoff during drought-break conditions (Outram et al., 2016). 
However, increased SRP load accumulation was sustained over 
the last 12 yr, indicating longer-term structural changes in 
watershed functioning after 2002, which increased SRP avail-
ability and transmission across the WLEB watersheds. Further 
assessment is now needed to explore whether changing climate 
patterns linked to seasonal distributions in temperatures, rain-
fall, and runoff could be contributing to the increased SRP deliv-
ery since the early 2000s. However, the increased SRP delivery 
in the WLEB after 2002, despite steady declines in watershed 
and cropland P balances and increased adoption of conservation 
measures to reduce PP and SS losses, suggests that SRP losses in 
this watershed are not controlled by these balances and measures 
and may in fact be increased by some conservation practices.
The spatial extent of conservation-tilled and tile-drained acres 
may have reached a critical threshold level, increasing the critical 
source areas of P, as well as conduits for P loss that bypass a large 
proportion of the P-sorbing soil matrix (Osmond et al., 2012; 
Smith et al., 2015b, 2015c). As such, it may be that the shifts 
in P balance and P forms transported from agricultural lands in 
the WLEB result from the accumulation and interaction of sev-
eral factors affecting both P sources and transport (Sharpley et 
al., 2012; Smith et al., 2015c). This may reflect a “perfect storm” 
of events transpiring directly and indirectly to overwhelm the 
reduction in P loss brought about by individual conservation 
practices (Michalak et al., 2013; Johnson et al., 2014; Jarvie et 
al., 2015; Stow et al., 2015).
Moreover, these SRP losses represent only a small fraction 
(average < 5%) of the P applied to land, and the loss is not eco-
nomically substantial to the grower (Smith et al., 2015c). The new 
40% reduction targets for SRP loads (USEPA, 2016) therefore 
present technical and economic challenges in decreasing such rela-
tively small but highly bioavailable SRP losses with additional con-
servation practices, which target these labile fractions (Kleinman 
et al., 2015; Sharpley et al., 2015). Adoption of the 4Rs of P man-
agement (i.e., the right source, rate, timing, and placement of P; 
IPNI, 2014, Johnston and Bruulsema, 2014) can achieve reduc-
tions in SRP delivery through changes to current practices, such as 
subsurface placement of fertilizer with minimal disturbance of soil 
residue (Smith et al., 2016a) and occasional tillage to reduce soil 
stratification (Kleinman et al., 2011, 2015; Sharpley et al., 2015). 
It is not known, however, how much of the 40% reduction could 
be achieved by these 4R practices alone. Further measures, such 
as drawing down legacy P sources ( Jarvie et al., 2013a, 2013b; 
Sharpley et al., 2013) and disconnecting tile-flow P loads at times 
of maximum sensitivity of receiving waters, may be increasingly 
costly and intrusive to current farm management. Nevertheless, 
the apparent decoupling of SRP and PP source and transport con-
trols in the WLEB demonstrated in this study strongly suggests 
that management approaches need to be adapted to tackle both PP 
and SRP and that additional conservation measures will be needed 
to address the soluble fraction, which is a relatively small compo-
nent (average < 25%) of the TP load.
Conclusion
Step-change increases in river SRP loads occurred across the 
agricultural watersheds of the WLEB in the early 2000s, with the 
increases in mean annual SRP load ranging from 0.062 and 0.195 
to 0.327 kg P ha−1 yr−1 in the Raisin, Maumee, and Sandusky, 
respectively. Around 65% of these increased SRP loads have arisen 
from increased SRP delivery (availability and/or transmission of 
labile P fractions), with ~35% from increased drainage water flow. 
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Increased SRP delivery occurred despite declining watershed P 
stores and against a background of long-term changes in land man-
agement to reduce soil erosion and PP losses through conserva-
tion tillage and improved drainage. Therefore, the increases in SRP 
delivery likely reflect shifts in watershed functioning: the converg-
ing cumulative impacts of gradual selective increases in SRP source 
availability and increased hydrological connectivity, potentially 
reaching a threshold of increased SRP delivery in the early 2000s. 
Well-intentioned conservation measures, while reducing PP losses, 
may have unintentionally contributed to the rise in ecologically 
damaging SRP loads entering the WLEB after the early 2000s. 
Soluble reactive P losses represent only a small component of the 
land-applied P (mean < 5%) and of TP transported by rivers to the 
WLEB (mean < 25%), which raises practical, technological, and 
economic challenges for achieving the new 40% SRP load reduc-
tion targets adopted by the United States and Canada to reduce 
eutrophication in Lake Erie.
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